The mummichog is a euryhaline cyprinodont fish native to North America. In this monograph, various reproductive properties, i.e. gonadal changes during ontogeny, gonadal and endocrine changes during annual and daily reproductive cycles, and environmental and endocrine control of reproduction are described. This fish is a spring to summer spawner showing distinct annual changes in gonadal states. A reared strain of this fish shows daily spawning also indicating distinct cycles of oocyte development and maturation. Their annual reproductive cycle is precisely controlled by environmental factors, such as lowering temperature in autumn and winter, warm temperature in spring, and short photoperiod in early autumn. These factors induce the early phase of gonadal development, initiation of the spawning period, and termination of the spawning period, respectively. Their gonadotrophs (FSH cells and LH cells) showed prominent changes during the ontogeny and the annual reproductive cycle. FSH cells appeared at very early stages in the ontogeny, and their abundance showed good correlation to the gonadal stages in the annual cycle. LH cells appeared later, and were abundant only during the spawning period. Plasma FSH levels also showed good correlation to the gonadal stages, whereas plasma LH levels were high only during the spawning period. These findings indicate that FSH is important for gonadal development and LH is responsible for final gametes maturation. Such functional differentiation of GtHs is also indicated by studies on their receptors (FSHR and LHR).
Introduction
For a long time, studies on reproductive physiology and endocrinology in teleost have mainly been conducted on salmonid fishes as adequate model organisms, because of their simple reproductive cycle, in that they spawn only once in a lifetime or in a year. However, many teleost species are multiple spawners which spawn from several to ten or a hundred times in a spawning season, and their reproductive properties differ considerably from salmonids (Wallace and Selman 1981b; Murua and Saborido-Rey 2003; Jalabert 2005) . The knowledge obtained from salmonid species in itself, therefore, cannot easily be applied to multiple spawners.
In recent years, utilization of smallest experiment fishes such as zebrafish and medaka have extensively developed especially for molecular genetics and developmental biology. They have also been used for studies on reproductive molecular biology (Ge 2005; Karigo et al. 2012; Ogiwara et al. 2013) . These fishes, however, have a weakness for endocrinological applications since blood sampling for measuring plasma hormone levels are almost impossible because of their small size.
The mummichog Fundulus heteroclitus ( Fig. 1) is a euryhaline cyprinodont fish inhabiting the Atlantic coast of North America. This fish has been used for various physiological studies because of its handy size, easiness of rearing, tolerance of handling etc. (Atz 1986) . One of the most famous episodes is the finding that prolactin is the essential hormone which enables fish to adapt to freshwater conditions (Pickford et al. 1965 ). This species is also a convenient material for studying reproductive biology, because of easy and controllable reproduction under laboratory conditions in addition to the above mentioned advantages. Especially, the pattern of oogenesis in adult mummichog has been extensively examined mainly from late 1970's to early 1990's (Wallace and Selman 1981b; . The processes of cortical alveoli (yolk vesicle) formation (Selman et al. , 1988 , vitellogenin incorporation (Kanungo et al. 1990 ), growth of vitellogenic oocytes (Selman and Wallace 1983) , translation to vitellogenesis to maturation (Wallace and Selman 1980) , oocyte final maturation (Wallace and Selman 1978) , etc. have been extensively examined. The criteria for the classification of oocyte stages have been presented in those studies, and they have been used in more recent studies occasionally with slight modifications (Shimizu 1997 (Shimizu , 2003 .
In 1985, five pairs of the mummichog originated from Chesapeake Bay (38°N) were introduced to our laboratory from the Ocean Research Institute of the University of Tokyo, and have been reared ever since. They have been held for more than 20 generations now (Arasaki Strain), and have been exhibiting stable annual and daily reproductive cycles continuously. Using this strain, many experiments and examinations on various reproductive events have been conducted in the Fisheries Research Agency.
This monograph describes our previous (and forthcoming) studies on various reproductive characters of the mummichog, also referring to studies conducted in other laboratories, especially for lunar/semilunar spawning cycles and steroid hormones. The main subjects are gonadal changes from birth to the first maturity, details of various reproductive cycles, and the mechanism of environmental and endocrine control of the cycles.
Gonad changes from birth to sexual maturity
To examine the gonadal changes during ontogeny, gonadal differentiation, and gonadal development to the first maturity, mummichog larvae were reared under 20°C-16L (adequate photoperiod and temperature conditions for maturation) from hatching (0 week after hatching; 0 wah) to maturity (36 wah) (Shimizu et al. 2008) . The gonads were examined with ordinary histology and immunocytochemistry for a steroidogenetic enzyme (3β-hydroxysteroid dehydrogenase; 3β-HSD) and vitellogenin. At hatching, the fish had only a few primordial germ cells in undeveloped gonads ( Fig. 2-1 ) with no 3β-HSD positive cells. At 1 wah, all fish had undifferentiated gonads containing a small number of germ cells among the interstitial tissue ( Fig. 2-2) . Evident 3β-HSD immunoreactivity was not observed in most individuals. At 2 wah, two different gonadal types were observed. One type consisted of the fish having distinct oocytes (chromatin nucleolus or earlier stages; Fig. 2-3) , and concluded to be females. The other type consisted of the fish having gonads with undifferentiated germ cells showing interstitial cells proliferation ( Fig. 2-4) , and these were considered to be potential males. Both female and male fish had 3β-HSD positive somatic cells in the gonads (Fig. 2-3 , 2-4). Sexual differentiation of this fish is concluded to occur around 2 wah, and appearance of steroidogenic cells in both sexes suggest that steroid hormones may be an important factor for the sexual differentiation (Shimizu et al. 2008) .
In females, the number of oocytes increased and perinucleolus stage oocytes appeared by 3 wah (Fig.  3-1) . At 6 wah, small numbers of early cortical alveolus stage oocytes appeared ( Fig. 3-2) . At 12 wah, late cortical alveolus stage oocytes appeared ( Fig. 3-3) . Early yolk globule stage oocytes appeared in some females at 24 wah ( Fig. 3-4) , and all females had a yolk globule or maturing stage oocytes at 36 wah ( Fig. 3-5 ). Weak immunoreactitivty with the anti-vitellogenin was first observed in some individuals at 12 wah and all individuals at 16 wah, in the fixed ovarian fluid and the fixed plasma in the blood vessels. The immunoreactivity increased at 24 wah, and immunoreactivity in the oocyte was also observed. At 36 wah, all the ovaries showed strong immunoreactivity along the pathway of vitellogenin transportation, as well as in the plasma and the ovarian fluid, granulosa cells, and vitellogenic oocytes (Fig. 3-6) .
In males, multiplication of type A spermatogonia and development of the interstitial tissue were noted by 3 wah (Fig. 3-7) , and spematocytes appeared at 4 wah ( Fig. 3-8) . At 6 wah, spermatids and a few spermatozoa appeared in most individuals ( Fig. 3-9 ). The number of germ cells considerably increased at 8 wah, and this increase subsequently continued thereafter (Figs. 3-10, 3-11; basic spermatogenesis). At 24 wah, the testes were full of a large amount of germ cells, especially showing prominent increase in spermatozoa ( Fig. 3-12 ; active spermatogenesis). At 36 wah, the males were fully matured with the evidence of spermiation ( Fig. 3-13 ).
The various processes described above are probably under the control of pituitary gonadotropins, and the relationship between the gonadal changes and the changes in the gonadotrophs will be described in Subsubsection 5-2B.
Reproduc tive c ycles in wild and reared mummichog 3-1. Annual reproductive c ycle
The mummichog covers a wide range of the distributing area, from south Canada to Florida, and the wild fishes have considerable variations in reproductive cycles. In the middle area of the habitat such as Delaware Bay (about 38°N), they usually spawn during spring and summer denoting a relatively long spawning season (Taylor et al. 1979) . In the northern areas such as Woods Hole (41°N), the spawning season is somewhat shorter, restricted to late spring and early summer (Wallace and Selman 1981a; Taylor 1986 ). In the southern areas such as Florida (about 30°N), the spawning season is much extended, from early spring to autumn (Hsiao et al. 1994) . Occasionally, as in Sapelo Island, they may show interruptions of spawning in the middle of their spawning season (Kneib 1986) .
The reared strain of the mummichog (Araski Strain) shows a constant annual reproductive cycle as well as their natural habitat (spring to summer, Shimizu 1997) . In this strain, spawning period of yearlings extends from late March to August, while underyearling fish terminate their spawning about one month earlier than the yearlings or older fishes. Details of gonadal changes during the annual reproductive cycle are reported in Shimizu (1997) (Figs. 4, 5) . The gonadal development is divided into two phases, gradual ovarian and testicular development during late autumn and winter and rapid gonadal development in early spring. The former corresponds to the development of the cortical alveolus phase oocytes in females and basal spermatogenesis in males, and the latter corresponds to the yolk globule accumulation (females) and active spermatogenesis (males) which induces the initiation of the spawning season. In middle (underyearlings) or late (yearlings) summer, rapid gonadal regression, degeneration of yolky oocytes in females and termination of spermatogenesis in males, occur inducing the termination of the spawning season. Such changes in reproductive states are considered to be controlled by different environmental factors, and the details will be described later (Section 4).
3-2. Lunar and/or semilunar rhythm
Wild mummichogs inhabiting middle or southern areas (at the east coast of the U.S.A.), usually show lunar/semilunar periodicity of spawning activity (Taylor et al. 1979; Taylor and DiMichele 1980; Taylor 1986; Hsiao et al. 1994 Hsiao et al. , 1996 . Typically, they lay their eggs near the high water line during the high tide, and the eggs are kept in the air during embryogenesis, and the larvae hatch at the next high tide. This does not mean that they spawn only once a month or two weeks, but that their spawning active phase is restricted near the spring tide (generally near the new and/or full moons), and they usually spawn on successive days during the active phases (Bradford and Taylor 1987) . In contrast, wild mummichog in the northern area are reported to spawn every day in the midst of the spawning season, without showing evident lunar/semilunar reproductive rhythms (McMullin et al. 2009 ). The Arasaki Strain mummichog also spawns every day during the middle of the spawning season, and does not show lunar/semilunar reproductive rhythms (Shimizu 1997) . Considering these cases, the mummichog has general ability to spawn for successive days. They may have potential of daily spawning, and the spawning of wild southern and mid-range mummichogs may be suppressed during neap tides (or near the half moon), and such suppression will be easily lost through generations under cultured conditions. Under these conditions, individuals with a weakened semilunar cycle can produce a larger number of eggs than those holding a prominent semilunar cycle, and then, such a character might be selected (Shimizu 1997) .
The wild mummichogs in the mid or southern area have been used for a model fish to study lunar/semilunar cycles of reproduction. Various reproductive parameters, such as GSI (Taylor et al. 1979; Taylor and DiMichele 1980; Taylor 1984 Taylor , 1986 ), abundances of spawned or matured eggs (Taylor and DiMichele 1980; Taylor 1984 Taylor , 1986 Kneib 1986 ), ratios of ripe fish (Taylor et al. 1979; Kneib 1986) , and plasma steroid hormone levels (Bradford and Taylor 1987) etc. have been examined, and at least part of the cycles are concluded to be generated by internal factors (circa-lunar/ semilunar rhythms) (Hsiao et al. 1994 (Hsiao et al. , 1996 .
3-3. Daily spawning cycle
It has been generally recognized that a large number of teleost species, including important species for fisheries, spawn every day during the middle of the spawning season (daily spawners) (Matsuyama et al. 1988 (Matsuyama et al. , 1990 (Matsuyama et al. , 1998 Taylor and Villoso 1994) . Since the reared strain mummichog shows constant daily spawning in the midst of the spawning season, it is the ideal type of fish for studying the daily reproductive cycle in teleosts.
As well as other teleosts belonging to the asynchronous oocyte development type, the mummichog ovary contains various stages of oocytes during the spawning season (Wallace and Selman 1981b; Shimizu 1997) . Distinct batches of follicles are always observed in an ovary, and we can construct the process of oocyte development and maturation by examining samples taken throughout the day with a short interval (Shimizu 1997) . Figure 6 shows the changing pattern of different batches of follicles throughout the day. Each oocyte shows a distinct developing pattern through the daily spawning cycle. In this strain, oocyte maturation commenced around noon (12:00), the GVBD completed at midnight, 24:00, and oocyte maturation is completed the next evening (16:00), and they were ovulated at midnight (24:00) of the next day. The next batch of oocytes repeats exactly the same processes, and so on. Such distinct and strict changes are considered to be controlled by precise endocrine mechanisms.
Recently, plasma levels of FSH and LH, gene expression of GtH subunits in the pituitary, and gene expression of GnRH-1 (mdGnRH; see Subsection 5-1) in the brain were examined. A distinct and rapid LH increase in the plasma (LH surge) was identified slightly before the commencement of the morphological oocyte maturation. Expressions of pituitary LHβ and FSHβ and brain GnRH-1 also peaked at the same time of the LH surge, indicating that the processes are precisely controlled by the hypothalamo-hypophysial axis (Ohkubo et al. submitted to Gen. Comp. Endocrinol.) .
Environmental control of annual reproductive cycle
Most fishes inhabiting the temperate zone have a distinct spawning season, and their annual reproductive cycle is considered to be controlled by environmental factors such as photoperiod and temperature. As stated above, three reproductive events in the mummichog, gradual gonadal development during late autumn and winter, rapid gonadal development (active vitellogenesis in females and active spermatogenesis in males) which induce the initiation of the spawning period, and rapid gonadal regression which induces the termination of the spawning period, are considered to be also controlled by fluctuating photoperiod and/or temperature regimes. To clarify the question, i.e. what factors induce the changes in reproductive state, we undertook five series of experiments using the Arasaki Strain mummichog. In these experiments, fish in various seasons were kept under various photoperiod and temperature regimes, and GSI and gonadal histology (and also plasma steroid hormone levels) were examined.
Since these experiments were designed to clarify the natural conditions controlling the annual reproductive cycle, photoperiod and temperature regimes were selected considering normal conditions of the annual reproductive cycle. The regimes used were as follows: 16L8D (hereafter abbreviated as 16L): approximately the longest day length in natural habitat of this species. 13L: moderate-short day length during early autumn; 11L: short day length during late autumn, late winter, and early spring; 9L: approximately the shortest day length in the natural habitat; 7 and 11°C: low temperatures during winter and early spring; 16 and 22°C: moderate temperatures during spring, early summer, and autumn; 26°C: high temperature during summer and early autumn; 30°C: approximately the highest temperature in natural conditions.
The results described below were generally consistent with those of studies reported previously. Some differences exist in the conclusion, and the details are discussed elsewhere (Shimizu 2003) .
4-1. Fac tors that induce the initiation of the spawning period (Experiment 1)
The experiment was started by early February. Yearling fish were kept under conditions of 7°C-11L, 7°C-16L, 11°C-11L, 11°C-16L, 16°C-11L, and 16°C-16L for 48 days. Figure 7 shows the changes in GSI of both sexes according to the treatment. GSIs of both males and females of the initial controls were low. After 48 days of the treatments, there were very little changes in GSI and gonadal histology in the 7°C groups. In contrast, the GSI of the 16°C groups increased prominently regardless of the photoperiod regime, and most fish of both sexes were fully matured. Some females and most of males in the 11°C groups showed an increase in GSI accompanying proceeding of the gonadal histology. The results of this experiment indicate that the latter phases of gonadal development which induce the initiation of the spawning period is effectively accelerated by the increase in water temperature during spring. Effect of the photoperiod appears to be limited in this season. The increase in water temperature might be the causative factor initiating the spawning period in some cases, especially in habitats where water temperature in winter decreases below 10°C. However, water temperature seems not to be the only factor in other cases, including at Arasaki, since water temperature of this place scarcely decreases below 10°C. Internal factor(s) such as circa-annual rhythm may be partly responsible for this process, and will be discussed later.
4-2. Factors that induce the termination of the spawning period (Experiment 2 and 3)
Experiment 2 was started by mid July. Underyearling fish were kept under conditions of 22°C-9L, 22°C-13L, 22°C-16L, 30°C-9L, 30°C-13L, and 30°C-16L for 28 days. Experiment 3 was started on middle July. Yearling fish were kept under conditions of 22°C-13L, 22°C-16L, and 30°C-16L for 28 days. Figures 8, 9 show the changes in GSI according to the treatments in Experiment 2 and 3, respectively. In the underyearlings (Experiment 2), both female and male GSI decreased prominently in the 13L and 9L groups regardless of temperature. In the 30°C-16L group, major part of the fish showed gonadal regression combined with a decrease in GSI. Major part of the males and a few females in the 22°C-16L group also showed gonadal regression with decrease in GSI. The yearling fish showed the same gonadal regression in the short day group (22°C-13L; Experiment 3) as was also observed in the underyearlings. However, the yearlings scarcely showed gonadal regression in the long day length groups (22°C-16L and 30°C-16L). These results show that extensive gonadal regression is accelerated by short day length (9L or 13L) regardless of temperature in both yearlings and underyearlings. In the yearling fish, short day length during late summer is most responsible for the termination of the spawning period. In the underyearling fish, however, another environmental factor, i.e. high temperature may also be concerned. Furthermore, some internal factors may be responsible since some of the fish showed gonadal regression under the adequate temperature and photoperiod regime (22°C-16L). Evidently, these dissimilarities between yearlings and underyearlings cause the difference in the duration of the spawning period, by advancing the termination of the spawning period in underyealings.
4-3. Factors that induce the early phases of gonadal development during autumn and winter (Experiment 4)
The experiment started by mid September. Yearling fish were kept under conditions of 16°C-11L, 22°C-11L, 26°C-11L, and 30°C-11L for 60 days. Figure 10 shows the changes in GSI according to the treatment.
GSI of both females and males was very low in the initial controls. After 60 days of the treatments, both female and male GSI in the 16°C group increased significantly, while the GSI in the higher temperature groups stayed at low values. The developmental changes of the gonads tended to advance as the experimental temperature decreased. These results indicate that the early phases of gonadal development, which progress during autumn and winter, are induced by lowering temperature in this season. Although the endocrine mechanism of the early gonadal developments is uncertain yet, they are probably under the control of the hypothalmo-hypophysial-gonadal axis, and the mechanism will be an important subject to be studied (Section 5).
4-4. Effects of photoperiod on gonadal activity under adequate temperature during autumn and winter (Experiment 5)
The experiment was started by middle October. Yearling fish were kept under conditions of 16°C-11L, 16°C-16L, 22°C-11L, and 22°C-16L for 70 days. Figure 11 shows the changes in GSI according to the treatments. GSI of both females and males were low in initial controls. After 70 days of the treatments, female GSIs in the 22°C groups did not show any significant changes regardless of the photoperiod. Slight increases in the GSI were observed in the 16°C groups, although the ovarian histology was almost unchanged. Male GSI did not change in the 22°C groups regardless of the Interaction between photoperiod and temperature was not detected (p > 0.05) by two-way ANOVA for both female and male GSIs. Significant effects of photoperiod were detected (P < 0.05) by two way ANOVA for both female and male GSIs. Significant effects of temperature were also detected (P < 0.05) by two way ANOVA for both female and male GSIs. Reprinted from Gen. Comp. Endocrinol., 131, Shimizu, Effect of photoperiod and temperature on gonadal activity and plasma steroid levels in a reared strain of the mummichog (Fundulus heteroclitus) during different phases of its annual reproductive cycle, 310-324,  2003, with permission from Elsevier. photoperiod. In the 16°C-16L group, the GSI increased to some extent, and testicular histology showed some advances in spermatogenesis. These results indicate that mummichog show very little progress in gonadal development even under adequate temperature-long daylength conditions (22°C-16L) in this season. In autumn and early winter, this fish is probably in a "refractory period," as reported previously in a wild strain of the mummichog (Taylor 1986 ) and in other fish species (Harrington 1957; Yoshioka 1966; Kaya 1973; Sundararaj and Vasal 1976; Shimizu et al. 1994) . The "refractoriness" may be somewhat weakened in males under lower temperatures, because some of the fish of 16°C-16L group showed an increase in GSI and gonadal development to some extent. The appearance of the "refractory period" is probably based on the circaannual rhythm, and will be described later.
4-5. Circa-annual reproductive rhythm (Experiment 6)
The experiment was started by middle October. Yearling fish were kept under constant conditions of 22°C-16L for 558 days. Fish were sampled mid February (the following year), late March, mid July, late October, early January (the subsequent year), and late April. Figure 12 shows the changes in GSI according to the treatments. Female GSI of the initial controls showed low values. In the following February, females indicating higher GSI with vitellogenic ovaries appeared, although the mean GSI did not significantly increase. By late March and mid July, all the fish showed very high GSI values. The GSI decreased to a low level again in late October. It remained at a low level still in the subsequent January, then showed a prominent increase by late April. Ovarian histology showed similar changes (from cortical alveoli stage to fully matured stage) to the GSI changes. Male GSI showed similar changes to those of females, and the testicular histology also showed corresponding changes to the GSI changes. These results indicate the presence of probable circa-annual reproductive rhythm in the mummichog. They further suggest that, various reproductive events such as gonadal development in early spring under low temperatures, autonomous termination of spawning under adequate photoperiod and temperature regimes in underyearling fish during summer, and the presence of the refractory period during autumn, are driven by circa-annual rhythms.
4-6. The basis of the controlling mechanisms of annual reproduc tive c ycles in the mummichog and other fishes
In the mummichog, the factor of environmental regulation of the annual reproductive cycle is mainly the temperature, i.e. the elevation of water temperature in early spring, and the decrease in the water tempera- ture during autumn and winter. Apparent photoperiod effect is observed in late summer when short photoperiod induced rapid gonadal regression and termination of the spawning season. Distinct environmental factors are then responsible for the control of the annual reproductive cycle in the mummichog, nonetheless, all the events cannot be explained with the environmental factors only. Internal factors, such as circa-annual rhythm is considered to be the basis of the mechanism. Gonadal development under low temperatures in early spring, gonadal regression under adequate conditions in underyearlings, and the presence of the refractory period are well explained when the circa-annual reproductive rhythm is hypothesized, and this species actually display a probable circa-annual rhythm as stated above. Such existence of circa-annual rhythm as the basis of the environmental control of annual reproductive cycle is also hypothesized in a spring spawning bitterling which display probable circaannual changes in the presence and absence of the photoperiodism (Shimizu and Hanyu 1993) .
The environmental control of the annual reproductive cycle of the mummichog has common characteristics with those of other spring and spring-to-summer spawning species which have been previously studied (Shimizu 2003) . Although variations may exist, the importance of warm temperatures for the initiation of the spawning period during early spring and the existence of clear photoperiodism or "refractoriness" during autumn are probably common properties in many spring or spring-to-summer spawning teleosts. Presence or absence of summer spawning will be correlated with sensitivity to high temperatures (Shimizu and Hanyu 1983) . The meaning of the seasonal changes in photoperiodism or the existence of the "refractory period" may be the mechanism by which spawning only occurs during spring (and summer). If the mechanism is absent, the fish may show a double spawning season (spring and autumn) as is reported in the dragonet (Zhu et al. 1989) , which case seems to be rather minor.
Reproductive endocrine system and its control of various reproductive events
In vertebrates, reproduction is highly controlled by endocrine systems, especially so called "hypothalmohypophysial-gonadal axis" or "brain-pituitary-gonadal , **Significantly larger than the value of the initial controls (p < 0.05 and p < 0.01, respectively; by Dunnet's multiple comparison test). ଝଝSignificantly larger than the value of the initial controls (p < 0.01; by Dunnet's multiple comparison test after logarithmic transformation). Interaction between photoperiod and temperature was not detected (p > 0.05) by two-way ANOVA for female and male GSIs, estradiol levels, and testosterone levels. Significant effects of temperature were detected (P < 0.05) by two way ANOVA for female and male GSIs, estradiol levels, and testosterone levels. Significant effects of photoperiod were detected (P < 0.05) by two way ANOVA for male GSI and testosterone levels. Reprinted from Gen. Comp. Endocrinol., 131, Shimizu, Effect of photoperiod and temperature on gonadal activity and plasma steroid levels in a reared strain of the mummichog (Fundulus heteroclitus) during different phases of its annual reproductive cycle, 310-324,  2003, with permission from Elsevier.
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(BPG) axis" (Van Tienhoven 1983) . It concerns gonadal differentiation, gonadal development, gametogenesis, final maturation of gametes, control of various reproductive cycles etc. They are also considered to mediate the environmental effects to the reproductive systems.
In the mummichog, GnRHs produced in the brain, GtHs in the pituitary, and steroid hormones in the gonads have mainly been examined. In this section, studies on the three important substances are described.
5-1. GnRHs
GnRH is a key hormone in the hypothalamohypophysial axis, and it can directly stimulate GtH produce and/or release in vertebrates (Van Tienhoven 1983) . Three paralogous GnRHs, i.e. GnRH-1, GnRH-2, and GnRH-3, have been reported from gnathostoms (jawed fishes and tetrapods) (Oka 2009; Zohar et al. 2010) . Advanced teleosts such as acanthopterygian fishes (perciforms and their relatives) generally have these three types GnRHs. Several primitive teleosts have GnRH-2 and either GnRH-1 or 3. In fishes with three GnRHs, only GnRH-1 is considered to stimulate gonadotropin production/release in natural organisms, while GnRH-2 and GnRH-3 are considered to be neuromodulation factors, and do not have gonadotropin releasing roles in natural (Oka 2009; Zohar et al. 2010) . Ohkubo et al. (2010) reported cDNA and deduced amino-acid sequences of three GnRH genes in the mummichog (Fig. 13) . GnRH-2 and 3 in the mummichog were chiken-II type and salmon type GnRH, respectively, as well as many other teleosts. Among orthologous variations in GnRH-1 molecules, the mummichog GnRH-I has proved to be medaka type GnRH (mdGnRH).
Brain distribution of the three types GnRHs revealed that mummichog GnRH-1 is abundantly expressed in the olfactory lobe, and considerable expression was observed in the hypothalamus and the olfactory bulb (Fig. 14) . Expression of GnRH-2 was almost limited to hypothalamus-thalamus-midbrain area. GnRH-3 expression was widely distributed in the brain, and abundant expression was observed in the olfactory bulb. The distribution patterns of the three GnRHs were a general resemble of those of other fish species with three types GnRHs (Yamamoto et al. 1995; Gothilf et al. 1996; Amano et al. 2002; Pham et al. 2007) , supporting the general understanding that GnRH-1 is the responsive factor for the GtH release/synthesis in advanced teleosts.
5-2. Gonadotropins and their receptors
The gonadotropins (GtHs) are heterodimeric glycoprotein hormones which play the key functions for various reproductive events in vertebrates (Pierce and Parsons 1981) , and two distinct GtHs, follicle stimulating hormone (FSH; primarily called GtH-I) and luteinizing hormone (LH; GtH-II), are secreted from the teleost pituitary (Suzuki et al. 1988a; Swanson and Dittman 1997; Swanson et al. 2003) . Both GtHs consist of a common α-subunit (GtHα; GPα) and a hormone specific β-subunit (FSHβ or LHβ). Because of difficulties in separating the two different GtHs and laboriousness in collecting sufficient amounts of pituitaries from small fishes, purification of the two GtHs was conducted on a limited number of fishes which are generally large species not adequate for experimental studies. In addition, measurements of plasma GtHs have been conducted mainly on salmonids (Suzuki et al. 1988c; Swanson et al. 1989; Prat et al. 1996; Govoroun et al. 1998 ) since specific antibodies necessary for developing immunoassays were not available in most other species. Consequently, the specific roles of the two GtHs are not well understood in mul- tiple spawning fishes mainly because of the previous lack of appropriate experimental fish models.
In 1992, Lin et al. (1992) reported cDNA sequences encoding mummichog FSHβ subunit and mummichog LHβ subunit, and hereafter, this fish has become important material for research on GtHs. Using these data, antisera against the synthetic peptides for both subunits were obtained, and immunocytochemical identification of FSH cells and LH cells were successfully conducted on the mummichog pituitary (Calman et al. 2001; Shimizu et al. 2003a) , and the two mummichog GtHs and their subunits were purified for the first time in small experimental fish (Shimizu and Yamashita 2002) . Using antibodies against the GtHs and their subunits, ELISA systems for measuring plasma FSH and LH levels in this species have developed. Furthermore, the two GtH receptors, FSHR and LHR, have cloned from mummichog ovary, and both functional and gene expression analysis have been available.
In consequence of the above mentioned studies, now the mummichog is one of the most useful model organisms for studying gonadotorpins and their receptors in teleosts, especially for multiple spawners. In this section, raising antibodies against synthetic peptides, purification of mummichog GtHs and their subunits, immuonocytochemical identification of gonadotrophs and their changes in various reproductive events, development of GtH ELISAs, and molecular cloning and functional analysis of gonadotropin receptors (GtHRs) are described.
5-2A. Raising antisera against synthetic peptides
To obtain specific antisera for immunocytochemistry and immunochemical assays, fragment peptides corresponding to parts of the deduced amino acid sequences of GtHα (Limesand et al. 1995) , FSHβ, and LHβ (Lin et al. 1992) were synthesized with a peptide synthesizer (Shimizu and Yamashita 2002) . Table 1 shows the regions used for the peptides synthesis. They were selected based on the following criteria: 1. Hydrophilic area judged by hydropathic analysis (Kyte and Doolittle 1982) as shown in Fig. 15 ; 2. Does not contain more than one half-cystine residue; and 3. Does not contain long sequences which are common between FSH and LH (β-chain). Antisera were obtained from the rabbits immunized against the peptides (Shimizu and Yamashita 2002) . The immunoreactivity of each antiserum was tested against natural or reduced (with 2-mercaptoethanol) mummichog pituitary glycoprotein. Specificity of positive antisera was further examined by western-blot analysis against the pituitary glycoprotein (Fig. 16) . Antisera 471 and 003 (anti-FSHβ frag.), 299 and 002 (anti-LHβ frag.), and antiserum 616 (anti-GtHα frag.), which showed evident immunoreactivity were mainly used for the immunocytochemistry and in the assay for the purification procedure. (Lapthorn et al. 1994; Wu et al. 1994 (Shimizu et al. 2003a) . 
Pituitary distribution of FSH and LH cells in matured fish
A sagittal section of a matured female mummichog pituitary was immunostained with anti-FSHβ fragment (471) (Fig. 18-a) . FSH cells distributed widely in the PPD. However, they were scarce at the ventralmarginal region. They tended to distribute solitarily or to form small cell clusters. Some cells were also present in the pars intermedia (PI). FSH cells of the male mummichog also showed similar distributing patterns as the females (Fig. 18-b) . Figure 18 -c shows the sagittal section of a matured female mummichog pituitary immunostained with anti-LHβ fragment (299). LH cells mainly distributed at central and ventral regions of the PPD. They were rich also at the marginal region and tended to form dense masses. Considerable numbers of the cells were also present at the PI, especially along the surface. LH cells of the male mummichog also showed similar distributing patterns as the females (Fig. 18-d) .
Changes in abundance of gonadotrophs during the annual reproductive cycle
Pituitaries of both female and male mummichog were obtained during various phases of their annual reproductive cycle, and they were double immunostained with anstisera 471 and 299 (Shimizu et al. 2003a) . Both FSH cells and LH cells were abundant during the spawning period in females (June, Fig. 19-a) . In the immature period (September, Fig. 19-b) , FSH cells prominently decreased to very small numbers. The number of LH cells also decreased although a considerable number of cells were still present. The number of FSH cells slightly increased during the early phase of gonadal development (December, Fig. 19-c) , whereas LH cells decreased to very small numbers. FSH cells became abundant during the vitellogenic phase (February, Fig. 19-d) . In comparison, LH cells were still very few in this period. Figures 19-e-h shows the seasonal variations of GtH cells in males. Both FSH cells and LH cells showed similar patterns of seasonal changes to that of females. The result that both FSH cells and LH cells were abundant during the spawning period suggests that both GtHs play important roles in the reproduction of this species. During the pre-spawning period (February), FSH cells were almost as abundant as during the spawning period, whereas LH cells were very few. This result suggests the importance of FSH for the latter phase of gonadal development. FSH is probably also responsible for the early phase of gonadal development since some number of FSH cells were present while LH cells were very few in December. Changes in the abundance of FSH cells were well coincided with the process of gonadal development in both sexes, and the abundance of LH cells was generally correlated with the process of final gonadal maturation except during the post- spawning period. The considerable amount of LH cells during this period might be the inactive residues of the previously abundant LH cells produced during the spawning season (Shimizu et al. 2003a) , since plasma LH levels of those fish were almost undetectable see Subsubsection 5-2D) .
Appearances and chronological changes in gonadotrophs during ontogeny, sexual differentiation, and gonadal development
To examine changes in the gonadotrophs from birth to sexual maturity, mummichog larvae were reared from hatching to the first maturity (36 wah) (see Section 2). Pituitary gonadotrophs were examined using double immunostaining with M7 (for FSH cells; see immunostaining with M7, 299, and 616 (anti-GtHα) (Shimizu et al. 2008) .
Figures 20, 21 show the photographs of the pituitaries immunostained with the antisera and the changes in the densities of pituitary FSH cells and LH cells, respectively. At hatching, the fish had undeveloped pituitaries with neither immunoreactive cells against anti-FSHβ nor anti-LHβ (Fig. 20-1) . At 1 wah, two fish out of 10 individuals had also no gonadotrophs. While four fish had a small number of evident FSH cells, another four fish had small cells which were weakly immunostained with anti-FSHβ ( Fig. 20-2) . These cells were probably developing FSH cells. At 2 wah, all fish had a small number of evident FSH cells at the marginal region of the PPD of the pituitary (Fig.  20-3) . The FSH cells were gradually localized to the central region of the PPD at 3 to 4 wah ( Fig. 20-4) . At 6 wah, a few LH cells appeared in some of the male fish. At 8 wah, a small number of LH cells appeared in some of the females and the majority of the males. Around these periods, a tendency was noted that the density of the FSH cells decreased as the LH cells appear or increase in number (Figs. 20-5, 6 ). At 12 wah, all fish contained a small number of LH cells (Figs.  20-7, 8) . Density of the FSH cells at this phase significantly increased in females (Fig. 20-7) , but not in males ( Fig. 20-8) . At 24 wah, density of the LH cells significantly increased in males. The increase was also observed in some females (Fig. 20-9) . At 36 wah, all fish had markedly abundant FSH cells and LH cells (Fig. 20-10) .
The triple immunostaining method indicated that the FSH cells and the LH cells were also immunoreactive to anti-GtHα (Fig. 20-11) . GtHα positive and FSHβ/ LHβ negative cells (presumable thyrotrophs) were also observed ( Fig. 20-11 ) in the PPD. Cells of this type appeared earlier than gonadotrophs: slightly immunoreactive cells (probably developing cells) were present in the fish just after hatching (Fig. 20-12) , and evident immunoreacitive cells were observed at 1 wah.
Appearance of FSH cells in the pituitary generally coincided with or slightly preceded the onset of morphological sexual differentiation which occurred around 2 wah (Section 2). Thereafter, a considerable number of FSH cells were continuously observed. The LH is not responsible for sex differentiation and only supplementarily (if at all) responsible for early gonadal development since appearance of LH cells occurred at a considerably later stage. Coincidence of sex differentiation, appearance of FSH cells in the pituitary, and appearance of steroidogenic cells in the gonad (Section 2) suggest that the three phenomena are strongly correlated: the FSH may be responsible for gonadal differentiation by induction of steroidogenesis in the 
gonads.
In females, FSH may be responsible for the cortical alveoli formation since the onset of the event occurred at 6 wah when only FSH cells were present as gonadotrophs, and the appearance of late cortical alveolus stage oocytes occurred at 12 wah when a significant increase in the FSH cell density was detected.
Yolk globule formation commenced at 24 wah when LH cells were abundant in part of the females, and it was very active at 36 wah when the density of LH cells showed the highest levels. The density of FSH cells also showed the highest level during this period. Probably, both FSH and LH are involved in the latest phase of gonadal development. In males, formation of spermatids and spermatozoa also occurred at 6 wah, when only FSH cells were present as gonadotrophs in half of the males. This occurrence indicates that FSH alone can induce the whole process of spermatogenesis, from the spermatogonium to the spermatozoon. The involvement of both FSH and LH in the latter phases of gonadal development is similar in males. The onset of active spermatogenesis coincided with the significant increase in LH cells density, and the densities of both FSH cells and LH cells also showed the highest levels at 36 wah.
5-2C. Purification of mummichog GtHs and their subunits
For functional analysis of the two different GtHs, purification of intact GtHs is essential. In addition, purification of GtH subunits is also required for obtaining antibodies which is necessary for developing RIA or ELISA systems that enable the measurement of plasma hormone levels. The antisera against the synthetic peptides have proved to be inadequate for the RIA/ELISA since they scarcely reacted against natural antigens without 2-mercaptoethanol reduction (Shimizu and Yamashita 2002) . This section describes the purification process of the intact GtHs and their subunits using immunochemical assay with the antisera against the synthetic peptides. The outline of the process is shown in Fig. 22 .
Preparation of fractions containing GtH subunits or intact hormones
A glycoprotein fraction was obtained from mummichog pituitary extract by ethanol precipitation. The precipitate was dissolved in 25 mM ammonium bicarbonate (pH = 8.7), and was loaded onto the HiLoad 16/60 Superdex 200 pg column (Amersham Pharmacia Biotech.). Eluents were divided into four fractions, of median weights of 600, 180, 40, and 15 kDa (10 3 dalton). Two fractions with median molecular weights corresponding to 40 kDa and 15 kDa showed immunoreactivity with antiserum 299 (anti-LHβ frag.) and/ or 471 (anti-FSHβ frag.), after reduction with 2-mercaptoethanol. Both fractions also showed strong immunoreactivity with antiserum 616 (anti-GtHα frag.). The fractions were then introduced into the next step (anion exchange chromatography).
Anion exchange chromatography and small scale gelfiltration
Each fraction was applied to a DEAE MemSep 1010 cartridge (MILLIPORE) equilibrated with 25 mM ammonium bicarbonate (pH = 8.7). After the non-absorbed fraction was obtained, absorbed proteins were eluted with a stepwise gradient increase of 50, 100, 200, 500, and 1000 mM ammonium bicarbonate (pH = 8.7).
The fraction which originated from the 15 kDa frac. and passed the DEAE cartridge with 25 mM ammonium bicarbonate showed strong immunoreactivity with antiserum 616, but not with either antisera 471 or 299. This fraction was introduced into the next step (rpHPLC). The fraction which originated from the 15 kDa frac. and was eluted with 100 mM ammonium bicarbonate showed strong immunoreactivity with the antibody 299 after reduction. This fraction was further introduced onto the Superdex 75 HR (Amersham Pharmacia Biotech.) column and separated. It showed a clear peak near 25 kDa (Fig. 23) .
The fraction which originated from the 40 kDa frac. and was eluted with 100 mM ammonium bicarbonate showed clear immunoreactivity with antisera 471, 299, and 616. This fraction was further introduced onto the Superdex 75 HR column and separated. A peak was evident near 45 kDa (Fig. 24) .
Purification of GtH subunits
The fraction which originated from the 15 kDa frac. and passed the DEAE cartridge with 25 mM ammonium bicarbonate was further introduced onto the TSKgel Octadecyl-4PW column (rpHPLC). A peak (A) was evident (Fig. 25) , indicating immunoreactivity with the antiserum 616 and N-terminal amino acid sequences corresponding to those deduced from mummichog GtHα cDNA data (Limesand et al. 1995) . Thus, peak A was concluded to be the mummichog GtHα subunit.
The 25 kDa peak from the Superdex 75HR gelfiltraion (Fig. 23) was then introduced onto the TSKgel Octadecyl-4PW column (rpHPLC). The sample showed a few closely positioned peaks (B) (Fig. 26a) , which indicated immunoreactivity with antiserum 299 and Nterminal amino acid sequences corresponding to those deduced from mummichog LHβ cDNA data (Lin et al. 1992) . The B peaks were therefore concluded to be the mummichog LHβ subunit. The existence of multiple peaks was probably caused by dissimilarity in the sugar chain, because only a single peak appeared after deglycosilation (Fig. 26b) .
Part of the 45 kDa peak from Superdex 75HR gel filtration (Fig. 24) was then introduced onto the TSKgel Octadecyl-4PW column (rpHPLC). The sample gave two peaks as shown in Fig. 27 . The first peak (C) showed immunoreactivity with antiserum 471 and Nterminal amino acid sequences which corresponded to those deduced from mummichog FSHβ cDNA data (Lin et al. 1992) . It was therefore concluded to be the mummichog FSHβ subunit. The second peak (D) showed immunoreactivity with both antisera 299 and 616, and N-terminal amino acid sequences which indicated two peptide chains corresponding to mummichog GtHα and LHβ. It also had a lower MW (about 25 kDa) in gel filtration, and was considered to be dissociated LH (probably containing GtHα which originated from dissociated FSH).
Purification of intact GtHs
Another part of the 45 kDa peak from the Superdex 75 HR gel-filtration (Fig. 24) was introduced onto the TSKgel Butyl-NPR column (hydrophobic chromatography). It showed two clear peaks (Fig. 28) . The first peak (E) showed immunoreactivity with both 471 and 616, and N-terminal amino acid sequences indicating two peptide chains which corresponded to mummichog GtHα and FSHβ. The second peak (F) showed immunoreactivity with both 299 and 616, and N-terminal amino acid sequences indicating two peptide chains which corresponded to mummichog GtHα and FSHβ.
Both peak E and peak F promoted estrogen production by the mummichog ovary in vitro (Table 2), and they are concluded to be intact bioactive mummichog FSH and LH respectively. Figures of SDS PAGE and western blot analysis of the GtHs are shown in Fig. 29 .
Utilization of the intact GtHs and the subunits
The obtained GtH subunits are used for the antigens for developing the ELISA systems as described below (Subsubsection 5-2D). Analysis of biological activity of the intact hormones is currently in progress.
In recent years, production of recombinant GtHs and/ or their subunits have been conducted for a considerable number of species, and several attempts successfully yielded bioactive hormones and/or specific antibodies against GtH subunits (reviewed by Levavi-Sivan et al. 2010) . Some of the antibodies could be used for developing ELISAs to measure plasma hormone levels (Aizen et al. 2007; Molés et al. 2012) . Such a method is indispensable for the smallest experimental fish such as the zebrafish. However, in larger sized fishes for which the purification procedure is established (e.g. the mummichog), purifying native GtHs and the subunits may not be more disadvantageous than the recombinant hormone production which also requires purification procedures and has some difficulties in formation of S-S bonds, glycosylation, subunit copulation, etc. (Levavi-Sivan et al. 2010) .
5-2D. Development of GtH ELISAs
Measurements of plasma FSH and LH levels are very important for understanding their functions, since GtHs are typical hormones which play their roles by being transported to the target organs with the blood stream. In this section, development of FSH and LH noncompetitive enzyme linked immunosorbent assays (ELISAs) which are highly specific and sensitive systems is described . In these sys- 
Properties of the assays
In the FSH assay, Fh LH and Fh LHβ showed slight cross reactivities (2.3% and 1.0% respectively) (Fig.  30) . Fh GtHα, hCG, and human TSH did not show detectable cross reactivity (<0.2%). In the LH assay, Fh LHβ showed almost the same reactivity to the intact Fh LH (standard). Fh GtHα and Fh FSHβ showed slight cross reactivities (3.5% and 0.42% respectively) (Fig.  31) . Fh FSH, hCG, and human TSH showed almost undetectable cross-reactivities (0.21% for Fh FSH, <0.2% for hCG and human TSH). The low values of LH cross-reactivity in the FSH ELISA and FSH cross reactivity in the LH ELISA indicate the high specificities in these systems. One notice is that these ELISAs also measure the corresponding β-subunits because all antibodies used are β-subunit directed.
Practical detection limits were 10 pg/well for the FSH assay and 8 pg/well for the LH assay, respectively. The sensitivities were excellent values, generally higher than the salmonid GtH RIAs reported previously (Suzuki et al. 1988c) .
Seasonal variations in the plasma FSH and LH levels
Using the ELISA systems, plasma levels of FSH and LH were measured in both females and males during tems, mouse monoclonal (M7 for the FSH assay and M8 + M9 mixture for the LH assay) and rabbit polyclonal (5687 for the FSH assay and 5822 for the LH assay) antibodies were used as the capture and the detection antibodies, respectively. Purified Fh (Fundulus heteroclitus) FSHβ, Fh LHβ, or Fh GtHs (intact Fh FSH + Fh LH; DEAE-100 mM 45 kD-peak fraction; Subsubsection 5-2C) were prepared for the antigens. The properties of the obtained antibodies are shown in Table 3 , and brief procedures for the ELISA are as follows. 1. Preparation of the capture antibody coated microplate. 2. Incubation with standards or samples. 3. Pre-incubation with mouse γ-globulin. 4. Incubation with detection antibody solution. 5. Incubation with HRP-conjugated secondary antibody. 6. Color development and measurement. The detailed procedures are described elsewhere . various phases of the annual reproductive cycle (Figs.  32, 33) . In females, FSH levels were nearly undetectable values (<0.125 ng/ml) in September. Thereafter, low levels (0.3 ng/ml) of FSH were observed in December. In February, considerably high levels (1.8 ng/ml) of FSH were noted, and the levels showed very high values (12 ng/ml) during the spawning season (June). The male FSH levels also showed similar annual changes, indicating nearly undetectable values in September, low values in December, considerable values in February, and the highest values in June. Plasma LH levels were relatively high during the spawning season in both females and males (3.3 and 4.5 ng/ml respectively). LH levels in both sexes were low or undetectable values in other seasons, and distinct correlation between the plasma hormone levels and the gonadal stages was not observed. Peak E (FSH) 0.5 µg/ml 2.01 ± 0.48* 0.1 µg/ml 1.42 ± 0.09
Peak F (LH) 0.5 µg/ml 4.14 ± 0.53** 0.1 µg/ml 2.07 ± 0.41* Each ovarian piece (0.12 ± 0.01 g, 4 pieces for each group) was incubated with or without putative mummichog gonadotropins in 1 ml of 75% L-15 medium for 24 h. * , **Significantly higher than the value of control (by Duncan's multiple rage test; p < 0.05 and p < 0.01, respectively). These results indicate the importance of FSH for various reproductive events in the mummichog, and are consistent with the general understanding that the LH is responsible for final gametes maturation in both sexes. Nonetheless, they further suggest that the role of LH for various reproductive events other than the final maturation may be limited.
5-2E. Gonadotropin receptors
In 1999, two different GtH receptors, FSHR and LHR, were cloned from the amago salmon ovary (Oba et al. 1999) , and studies on teleost GtHRs have been conducted on several species (Zohar et al. 2010) . This section describes molecular cloning of two mummichog GtH receptors from the ovarian cDNA (Ohkubo et al. 2013) . Their characters, tissue distribution, expression profiles in the follicles during follicular development and maturation were examined, and functional analyses were also conducted using transfected cells with the GtHR genes. Fig. 27 . Reverse-phase high-performance liquid chromatography of the Superdex 75 peak (Fig. 24) which originated from the 40 kDa-100 mM frac. on a TSK gel Octadecyl 4PW column. Samples were dissolved in 0.1% trifluoroacetic acid, kept at 40° for 2 hr, and applied to the column equilibrated with the same solvent. The proteins were eluted with a linear gradient increase in acetonitrile as shown in the figure, at a flow rate of 1 ml/min. Reprinted from Gen. Comp. Endocrinol., 125, Shimizu and Yamashita, Purification of mummichog (Fundulus heteroclitus) gonadotropins and their subunits, using an immunochemical assay with antisera raised against synthetic peptides, 79-91,  2002, with permission from Elsevier. (Fig. 24) which originated from the 40 kDa-100 mM frac. on a TSKgel Buthyl-NPR column. Samples were dissolved in 1.7 M ammonium sulfate containing 10 mM phosphate buffer (pH = 7.0), and applied to the column equilibrated with the same solvent. The proteins were eluted with a linear gradient decrease in ammonium sulfate (combined with a linear gradient increase of 0-20% methanol) as shown in the figure, at a flow rate of 1 ml/min. Reprinted from Gen. Comp. Endocrinol., 125, Shimizu and Yamashita, Purification of mummichog (Fundulus heteroclitus) gonadotropins and their subunits, using an immunochemical assay with antisera raised against synthetic peptides, 79-91,  2002, with permission from Elsevier.
Molecular cloning of cDNAs encoding the Fh FSHR and Fh LHR
Both cDNAs of FSHR and LHR were cloned using 3′ and 5′ RACE-PCR, and the nucleotide sequences were determined by direct cycle sequencing. The Fh FSHR cDNA was 4120 bp long and composed of 2097 bp of an open reading frame coding 16 residues of the signal peptide and 682 residues of the mature protein, and 209 bp of 5′ and 1814 bp of 3′ untranslated regions, respectively (Fig. 34) . The Fh LHR cDNA was 2679 bp long and composed of 2148 bp of an open reading frame coding 21 residues of the signal peptide and 694 residues of the mature protein, and 143 bp of 5′ and 388 bp of 3′ untranslated region, respectively (Fig. 35) .
Characterization of the primary structures of the Fh FSHR and Fh LHR
Structural analyses revealed that both the Fh FSHR and Fh LHR are composed of a typical structural architecture of glycoprotein hormone receptors, i.e. the extracellular domain (ECD) containing a large N-doi:10.5047/absm.2014.00703.0079 © 2014 TERRAPUB, Tokyo. All rights reserved.
terminal extracellular region and a hinge region, the transmembrane domain (TMD) containing seven membrane-spanning regions, and the intracellular domain (ICD) (Figs. 34, 35) . A total of ten and nine imperfect leucine-rich repeats (LRRs) involved in the ligand binding were identified in the N-terminal extracellular region of the Fh FSHR and Fh LHR, respec-* 1 Purified from mummichog pituitaries by the method of Shimizu and Yamashita (2002 (Fig.  37) . Both the Fh FSHR and Fh LHR genes were expressed in the ovary and testis. The gene expression of the Fh FSHR was also detected in the pituitary to the same extent as the ovary, and no amplicon was observed in other tissues examined. The gene expression of the Fh LHR was detected in several extra-gonadal tissues such as the pituitary, gill, heart, spleen, intestine, eye, skin, and muscle at relatively lower levels than in the gonads.
The biological meanings of the extra gonadal expression of GtHRs are still uncertain and will be a subject for future studies.
The Expression profiles of the Fh FSHR and Fh LHR genes during follicular development and maturation
Gene expression profiles of the Fh FSHR and Fh LHR in various follicles obtained from the premature (February; Fig. 38 ) and mature (April; Fig. 39 tively. In addition, the fhLHR has a long hinge region in comparison with the Fh FSHR as well as other fish counterparts.
Functional analysis of the Fh FSHR and Fh LHR
Functional analysis of the Fh FSHR and Fh LHR were examined using HEK293 cells stably expressing the either GtHRs and purified mummichog GtHs (Subsubsection 5-2C). Intercellular cAMP level of the HEK293 cell stably expressing the Fh FSHR (HEK293-Fh FSHR) evidently increased (approximately 1.5 fold) in response to 10 ng/ml or more of the mummichog FSH (Fig. 36A) whereas it did not significantly increase in response to the mummichog LH up to 100 ng/ml (Fig. 36B) . In the HEK293 cell stably expressing the Fh LHR (HEK293-Fh LHR), intercellular cAMP level increased to approximately 1.4, 2.5, and 3.5 fold in response to 1, 10, 100 ng/ml of the mummichog LH (Fig. 36D) , respectively, but no significant response was observed to the mummichog FSH (Fig. 36C) . Such specific responses of FSHR and LHR to their cognate GtHs are also reported in several fishes when homologous (including recombinant hormones) or closely related species GtHs were used Sambroni et al. 2007; Molés et al. 2011a; Nyuji et al. 2013) , although zebrafish FSHR showed somewhat lower specificity cortical alveolus stage follicles (CA) to mid vitellogenic follicles (MV), then significantly decreased in the follicles that had completed the vitellogenesis (CV) (Fig. 38A) . The expression level of the Fh LHR gene was very low in CA, early vitellogenic follicles (EV), and MV, and a significantly higher level of expression of the Fh LHR gene was observed in CV in comparison with other developmental stages of follicles (Fig. 38B) . In the mature ovary, mRNA level of Fh FSHR was highest in vitellogenic follicles (VT), then significantly decreased in maturing follicles (M1), followed by an increasing tendency in mature follicles (M2) (Fig. 39) . On the other hand, the expression level of the Fh LHR gene was very low in VT, markedly increased in M1, and significantly decreased in M2 to a level half of that of M1 (Fig. 39) . These two series of examinations indicate that the FSHR is abundantly expressed in developing follicles, while the LHR is mainly expressed in premature or maturing follicles.
5-2F. Functional differentiation of FSH and LH
The immunocytochemical study on adult fish during the annual reproductive cycle indicates that FSH is important for gonadal development, and LH is important for final gametes maturation. Such indication was also obtained from the study on the fish during ontogeny, from hatching to the first maturity. It further suggests that FSH is important for very early stages of the gonadal differentiation and formation. The importance of LH for the latest phase of gonadal development is somewhat different between the adult fish and fish near the first maturity. Both FSH and LH cells were abundant during the phase near the first maturity whereas only FSH cells were abundant in the adult fish. This case may indicate the possible complementary roles of FSH and LH on vitellogenensis and spermatogenesis. In salmonids, both FSH and LH can stimulate estrogen production (Suzuki et al. 1988b) ; although FSH is predominant during vitellogenensis (Suzuki et al. 1988c; Nozaki et al. 1990a, b) and only FSH can induce vitellogenin uptake in the oocytes (Tyler et al. 1991) . In vitro results in female mummichog, that both GtHs also induce estrogen synthesis in the ovary (Shimizu and Yamashita 2002; Subsubsection 5-2C) , support this consideration. The above stated differences between the annual reproductive cycle and ontogeny are also observed in males which showed similar changes of gonadotrophs abundance in the annual cycle (Shimizu et al. 2003b) . Complementary roles of the two GtHs may be present also for spermatogenesis.
The ELISA study (Subsubsection 5-2D) also leads to the consideration that FSH is important for gonadal development, and LH is important for gametes final maturation. The functional differentiation is also indicated from the study on their receptors. Results from the functional analysis show that the mummichog gonadotropin receptors clearly distinguish the mummichog GtHs (Fig. 5) , and the expression analysis during folliclogenesis indicate that mummichog FSHR is abundantly expressed during follicular growth and development, whereas the LHR is abundant during follicular final maturation.
All the above mentioned results indicate the functional differentiation of both GtHs, that the FSH is important for gonadal development including very early stages, and LH is important for final gametes maturation and occasionally the latest phase of gonadal development. Such GtHs functions are also suggested not only in salmonids but also in several non-salmonid species Molés et al. 2011b; Nyuji et al. 2013) . Studies examining the transcripts of GtH subunits in several non-salmonid fishes showed that the expression patterns of FSHβ and LHβ generally differ from those of the well known salmonid pattern, that both FSHβ and LHβ mRNAs peaked around the spawning season in the former (Sohn et al. 1999; Gen et al. 2000; Kajimura et al. 2001; Mateos et al. 2003) . The difference has been explained in that the parallel fluctuation of GtHs in multiple spawners (many nonsalmonid fishes) reflect the discrete regulation, by each GtH, of distinct generations present in the ovary at the same time (Levavi-Sivan et al. 2010) . Nonetheless, another non-salmonid multiple spawner, the stickleback Gasterosteus aculeatus shows the FSHβ mRNA peak distinctly earlier than the LHβ peak which appears around the spawning season (Hellquvist et al. 2006) . At the present time, direct evidence for the functional differentiation in multiple spawners is still very poor. Examining effects of GtHs administration, especially in vitro studies are important for obtaining direct evidence and certifying the molecular differentiation.
5-2G. Applications to other percoid fishes
The mummichog belongs to the Superorder Acanthopterygii (perciforms and the relatives). In this taxon, many fish species including important fishes for fisheries, tuna, mackerel, seabream, flatfish, etc. are included. Because of the phylogenic closeness, molecular similarities also exist in various biological substances. One of the most useful applications is the development of universal antisera against fragment peptides which correspond to the conservative regions of the FSHβ and LHβ. They are available for immunocytochemical and immunochemical assays for acanthopterygian fishes, and both FSH cells and LH cells in various species have been identified using the antisera (Fig. 40 , Shimizu et al. 2003a, b; Pandolfi et al. 2006; Pham et al. 2007; Kobayashi et al. 2010; Nyuji et al. 2011; Murata et al. 2012) . In addition, using these antisera, GtHs and their subunits have been successively purified from several species (Molés et al. 2008; Ohga et al. 2012; Nyuji et al. 2013) . 
5-3. Steroid hormones
In teleost, main reproductive steroids are divided into three groups, estrogens, androgens, and progestins (maturation-inducing steroids; MIS). In adult fish, estrogens induce vitellogenin synthesis in the liver, androgens stimulate male spermatogenesis, and MIS induce oocyte final maturation and spermiation; and other various functions further exist for each group (Lubzens et al. 2010; Schulz et al. 2010) .
The major estrogen is considered to be estradiol 17β (E 2 ) in teleost (Lubzens et al. 2010) . In mummichog, high plasma levels of E 2 are detected around the spawning season, and the profiles were reported in several papers (Bradford and Taylor 1987; Shimizu 1997 Shimizu , 2003 . One of the somewhat peculiar matters is that the estrogen seems to be scarcely responsible for early stages of ovarian development such as yolk vesicle formation, since plasma E 2 levels in such stages were very low and did not show distinct changes (Shimizu 1997 (Shimizu , 2003 .
Two progestins, 17,20β-dihydroxy-4-pregnen-3-one (17,20β-P) and 17,20β,21-trihydroxy-4-pregnen-3-one, were identified as the MIS in teleost (Lubzens et al. 2010) . In the mummichog, 17,20β-P is considered to be the MIS, since this steroid is abundantly produced from maturing follicles and is very effective for inducing oocyte maturation in vitro (Petrino et al. 1989 (Petrino et al. , 1993 .
In most teleost, major androgens are considered to be testosterone (T) and 11-ketotestosterone (11-KT) (Schulz et al. 2010) . Cochran (1987) examined various androgen levels during the annual reproductive cycle in male mummichog, and found high plasma levels both T and 11-KT during the spawning season. However, further high levels of 11β-hydroxytestosterone (11β-HT) were also detected from the plasma. The importance and possible differentiation in androgenic roles of those three androgens are not well understood yet.
General discussion and forthcoming studies
Cyclic events in reproduction, reproductive cycles, include the annual reproductive cycle and the spawning cycle in a spawning season. Single or annual spawners such as salmonid fishes lacks the short term spawning cycle. Other fishes spawn multiple times in a spawning season, and the intervals are much diversified. Some fish repeat frequent spawning regularly (Zohar and Gordin 1979; Shimizu et al. 1985; Matsuyama et al. 1988 Matsuyama et al. , 1990 Matsuyama et al. , 1998 Taylor and Villoso 1994) . Such regular spawning rhythms are considered to be precisely controlled by endocrine mechanism as the estrous cycles in mammals. The estrous cycle is regulated by the endocrine system (brain-pituitarygonad axis; B-P-G axis) including feedback effects of gonadal factors upstream and the internal circadian rhythm (Van Tienhoven 1983) . Now, endocrine profiles during the spawning cycle in the mummichog are gradually being clarified (Subsection 3-3) .
The annual reproductive cycle is largely controlled by environmental factors. The environmental factors should affect the gonad via the endocrine system, but little is known about the mediating mechanism in teleost. In birds which generally show rapid gonadal doi:10.5047/absm.2014.00703.0079 © 2014 TERRAPUB, Tokyo. All rights reserved.
development by long-daylength treatment, the mediators of photoperiod stimulation have proved to be type 2 deiodinase (DIO2) in the mediobasal hypothalamus and TSH in pars tuberalis of the pituitary (Yoshimura et al. 2003; Nakao et al. 2008) . Such mediating mechanism might also be present in fishes for the photoperiodism. However, in the normal annual reproductive cycle of the mummichog, photoperiod is only responsible for the termination of the spawning period. Other two events, rapid gonadal development and maturation during spring and gradual gonadal development during autumn and winter, are mainly controlled by the water temperature, and the mediating mechanism should be different. The studies for pursuing the mechanism, as well as those on the birds, will be important for the understanding of the endocrine mediation of the environmental factors in teleosts.
As stated above, the environmental factors for the initiation of the spawning period, termination of the spawning period, and the initiation of the early phase of gonadal development are considerably clarified. An important unsolved question is in the circa-annual reproductive rhythm. Verification of its existence and understanding of its co-operation with the environmental factors are hereafter needed. Since circa-annual rhythm is a very difficult matter to study, clarifying the mechanism seem to be impossible in the near future. Applications of the knowledge of other well studied vertebrates such as birds may be important for the future study.
In the endocrine mechanisms, studies on gonadotropins are well developed subjects. The functional differentiation of two GtHs, an important question of the fish reproductive endocrinology, has been considerably clarified (Subsection 5-2). Other factors in the hypothalamo-hypophysis-gonadal axis should be further studied, especially brain factors such as kisspeptins and their receptors. Gonadal steroidogenesis and growth factors production are also matters to be studied. In recent years, next-generation sequencers have been developed rapidly, and application of such technique may be useful for such analysis. Since mummichog is the only small experimental fish for which the native intact GtHs are purified, in vivo and in vitro administrations of FSH and LH are practicable. They are probably the most important forthcoming studies. Once these studies are accomplished, the mummichog will become a further excellent model organism for the reproductive physiology in teleosts.
Conclusion
Reproduction is a complex process, consisting of sexual differentiation, gametes formation and development, final gametes maturation, etc. Understanding teleost reproductive properties and their regulation is very important for aquaculture, resource management, and environmental protection.
Mummichog have several characters similar to many economically important fishes: the spawning season (spring to summer), the regular spawning rhythm, and the taxon (Acanthopterygii). Many species, such as mackerel, tuna, seabream, Japanese flounder etc., have common characters. The smallest experimental fishes such as zebrafish and medaka are excellent model organisms for basic biology and for application to medical sciences. The mummichog is rather an adequate model fish for application to fisheries sciences because of above mentioned characters in addition to the adequate (not too small) size. Furthermore, the mummichog is a very popular fish for environmental contamination studies. Many bioassays for evaluating the pollutant effects have been conducted using this species (Peters et al. 2007) . The development of reproductive endocrinology in this fish is very useful for such studies, because pollutant effects on reproductive endocrine system, such as endocrine-disrupting compounds, have become important in recent years.
